In agricultural habitats, selection may favour plants that show a pronounced ability to tolerate stress induced by specific management methods. However, genetic erosion associated with habitat fragmentation may diminish this ability. To assess the role of mowing as a selection pressure and the impact of fragmentation processes on the ability to tolerate foliage loss, we grew 215 plants of the perennial herb Sanguisorba officinalis L. originating from 16 differently sized populations, located in mown meadows and successional fallows, in a common environment, and measured their performance and response to defoliation. Plants from meadows and fallows neither differed in performance characters nor in their ability to compensate for foliage loss. However, independently from the habitat of origin, populations slightly differed in performance. This variation was not due to differences in population size, plant density, or level of genetic variation, indicating its independence from genetic erosion, which may go along with habitat fragmentation. Rather, these differences between populations appear to be the outcome of unknown selection pressures or random genetic drift. Plants from successional fallows retain their potential to cope with mowing, presumably due to the low generation turnover of the perennial species. Selection by mowing may act over time scales larger than those reflected by the developmental stage of the current habitats.
Introduction
Many plant species are distributed across a wide variety of habitats that differ in environmental conditions. Plants growing in contrasting habitats are likely to be exposed to different selection pressures favouring those characters that maximize fitness in their respective environments. Consequently, divergent selection may cause small scale genetic differentiation depending on the strength of selection pressures and the magnitude of gene flow (Clausen et al. 1947; Linhart and Grant 1996) . In agriculturally used ecosystems many plant species are permanently exposed to human activ-ity. In these habitats natural selection may favour plant adaptations to specific management methods, for example rapid development in heavily weeded habitats (Sobey 1987; Theaker and Briggs 1993) , tolerance against herbicides (Warwick 1991) , or distinct growth forms in response to trampling (Warwick 1980) . Repeated defoliation caused by mowing and grazing may select for avoidance of herbivory (Warwick and Briggs 1978; Carman and Briske 1985; McKinney and Fowler 1991) and the ability of regrowth (Aarssen and Turkington 1987; Painter et al. 1989; Damhoureyeh and Hartnett 2002) .
Agricultural land often becomes abandoned for economic reasons, and is thereby subject to secondary succession. Successional change however, may alter selection pressures acting on the life history of plants. While agricultural practice is expected to favour those traits that allow plants to endure repeated disturbance, theoretical work predicts selection for enhanced competitive ability in late successional (mature) habitats (Ronce and Olivieri 1997) . Such an increase in competitive ability over successional time may be realized by allocating more resources to aboveground biomass (Hartnett et al. 1987) , leaf biomass (Houssard and Escarré 1991) , vegetative propagation (Houssard and Escarré 1995) , or root development (Grace and Wetzel 1981; Houssard and Escarré 1991) . Adaptation to local environmental conditions increases plant fitness, but at the same time it may restrict the ability of plants to perform in different environments (van Tienderen and van der Toorn 1991; Joshi et al. 2001) . Given the contrasting selection pressures that predominate in mown habitats and successional fallows, one may expect differences among plants regarding their growth form and their response to defoliation.
The ability of a population to cope with man-made environmental stress may also be affected by habitat fragmentation. Small and isolated populations are likely to lose genetic variation, owing to genetic drift, increased inbreeding, and restricted gene flow (Ellstrand and Elam 1993; Young et al. 1996) . As a consequence, the accumulation and expression of genetic load may lead to inbreeding depression, and thus negative consequences for individual fitness (Keller and Waller 2002; Reed and Frankham 2003) . Thus, the genetic processes that go along with habitat fragmentation are likely to affect plant response to environmental stress and disturbances (e.g., Heschel and Paige 1995; Pluess and Stöcklin 2004) . Despite a large number of studies demonstrating reduced fitness in small and genetically less diverse plant populations (reviewed by Leimu et al. 2006) , possible interactions between habitat fragmentation and disturbance caused by agricultural practice have rarely been investigated. However, as many plant species of conservation interest grow in agriculturally used habitats, such interactions should be taken into account.
The great burnet, Sanguisorba officinalis L. (Rosaceae), is a perennial plant species that in Central Europe occurs in a range of moist grassland and meadow habitats. To evaluate the role of mowing and succession as likely selection pressures causing genetic differentiation, we grew seedlings from frequently managed meadows and successional fallows in the green house and measured their performance and response to experimental defoliation. Additionally we examined whether the effects of habitat fragmentation may affect seedling performance and response to defoliation. Specifically we addressed the following questions: (i) Are plants from meadows and fallows differentiated in morphological characters that may indicate local adaptation? (ii) Do seedlings from meadows and fallows differ in their response to experimental defoliation? (iii) Do seedlings originating from populations of small size, low density, or low genetic diversity suffer from reduced performance or reduced ability to respond to stress caused by defoliation?
Materials and methods

Study species, source populations, and plant material
We studied 16 populations of S. officinalis located around the city of Landau (Germany, 49811'56''N, 888'34''E) . Half of the sites were located in meadows that are cut at least twice a year, and half were in fallows that have been left unmanaged for at least 10 years (J. Settele, personal observation, 2003) . Populations differed in size, plant density, and level of genetic diversity (Table 1) . Population size was estimated by counting the number of flowering shoots. Plant density was assessed by calculating the mean number of flowering shoots per square metre, based on counts within 50 squares (2 m Â 2 m) per study site. Gene diversity (Lynch and Milligan 1994) , which is equivalent to expected heterozygosity (Nei 1987) , was used as a measure of intrapopulation genetic variation. These data were derived from a related study that was based on 69 polymorphic AFLP loci (Musche et al. 2008) .
On each site, 20 plants (if available) were sampled at the end of August 2003. Seed families were obtained from the terminal flowerheads. All developed and undamaged seeds were taken and the mean seed mass per seed family was determined. Seeds were stored at 4 8C for 3 months to break dormancy. Afterwards, seeds were sown in Petri dishes filled with a 1:2 mixture (v/v) of sand and potting compost (COMPOSANA Anzuchterde, COMPO GmbH, Münster, Germany). Germination took place in a greenhouse chamber at 12 h (light) -12 h (dark), and 25 8C.
Experimental design
For the clipping experiment, a subset of 14 seedling families was drawn from each of the 16 populations, except for population 1, for which only 5 families were available. One seedling per family was selected at random. Altogether, 215 seedlings, each representing one single family were planted in pots (12 cm) and arranged randomly in a greenhouse under natural light conditions. The temperature was allowed to fluctuate between 10 and 30 8C, and plants were watered regularly. To avoid infection by pathogenic fungi, a fungicide (Ortiva, Syngenta Agro GmbH, Maintal, Germany) was applied twice, and aphids were controlled using a systematic insecticide (Neudosan, W. Neudorff GmbH KG, Emmerthal, Germany). After 3 months, half of the replicates of each population were clipped 1 cm above the level of the potting medium and half were left as control. After 6 months, all of the plants were harvested and the following performance traits were measured: number of leaves per plant, maximum number of leaflets per leaf, maximum length of leaves, and maximum length of terminal leaflets. The aboveground biomass of plants was measured after drying at 60 8C for 2 d.
Data analysis
The influence of defoliation treatment (clipping, control), source habitat (meadow, fallow), and population of origin on seedling performance was analyzed using linear mixed models. Models were fitted using restricted maximum likelihood (REML) available within the procedure MIXED (SAS, version 9.2, SAS Institute Inc., Cary, North Carolina). Habitat, treatment, and the interaction of both factors were included as fixed effects. Population within habitat, and the interaction between population within habitat and treatment were treated as random effects. Mean seed mass of maternal seed families (fixed effect) was included as a covariate to check for possible maternal effects on seedling performance. Fixed effects were tested for significance using F tests and random effects were tested using likelihood ratio tests. Full models were reduced stepwise backwards, starting with the least significant highest order interaction term (treatment Â population (habitat)), followed by the least significant two-way interaction. The covariate was eliminated last, and all main factors were kept in the final models. Differences between reduced and previous models were tested for significance after each step, using likelihood ratio tests. Model simplification was halted if reduced models differed from the previous at p < 0.1. Defoliation tolerance of each population was estimated as the difference between mean trait values of control plants and clipped plants at final harvest. This estimate was calculated for all investigated traits. Defoliation tolerance between meadows and fallows was compared using t-tests. Pearson's correlation coefficients were calculated to investigate the relationship between gene diversity, population size, plant density and the population means of performance traits within each treatment. Similar correlations were calculated to examine the relationship between gene diversity, population size, plant density, and defoliation tolerance.
Results
Performance of seedlings and response to defoliation
In total, 206 of the 215 seedlings planted survived until harvest. Thus, mortality was less than 5% and was therefore not considered in the further analysis. Mean aboveground biomass across all plants was 0.374 g (±0.271 SD) at final harvest. Mixed model analysis revealed that plants originating from meadows and fallows did not differ in performance ( Fig. 1; Table 2 ), neither in biomass nor in leaf characters. However, populations within habitats differed with respect to the number of leaflets per leaf and the length of leaves ( Fig. 2; Table 2 ), but not in leaf number, length of leaflets, and biomass. Maternal seed mass did not influence any performance trait (Table 2 ). Defoliation after 8 weeks reduced final dry mass of plants by 65.7% in meadows and 58.3% in fallows. Plants from meadows and fallows responded to defoliation in the same manner (P > 0.05 for treatment Â habitat in all cases, Fig. 1 ). Accordingly, there was no significant difference in defoliation tolerance between habitat types regarding the number of leaves per plant (t = 0.40, P = 0.69), number of leaflets per leaf (t = 0.53, P = 0.60), length of leaves (t = -1.17, P = 0.26), length of leaflets (t = -1.33, P = 0.20), and aboveground biomass (t = -1.08, P = 0.30). Populations did not respond differently to defoliation (P > 0.05 for all interactions between population within habitat and treatment).
Performance and response in relation to gene diversity, population size, and plant density Neither gene diversity, nor population size was correlated with any performance trait, regardless of whether plants had been subjected to the defoliation treatment or control. Likewise, there was no relationship between plant density and plant performance (P > 0.05 in all cases), with one exception; offspring originating from denser populations devel- oped fewer leaflets per leaf (r = -0.52, P < 0.05). However, this negative correlation could only be found within the control group. The defoliation tolerance of populations did not correlate with genetic variation (P > 0.05 in all cases).
Discussion
The loss of plant tissue because of herbivory is a major driver of plant evolution, which fostered numerous adaptations to resist and (or) to tolerate tissue loss ( Strauss and Agrawal 1999; Núñez-Farfán et al. 2007 ). Mechanisms of resistance and tolerance include the development of specific plant architectures (e.g., Wise and Abrahamson 2008) and the compensation of lost tissue (Rosenthal and Kotanen 1994) , respectively. Like herbivory, repeated mowing on agricultural grasslands may exert selection pressure facilitating the evolution of distinct plant architectures (Carman and Briske 1985; McKinney and Fowler 1991) or enhanced compensation ability (Aarssen and Turkington 1987; Painter et al. 1989; Damhoureyeh and Hartnett 2002) . Once the selection regime is relaxed, e.g., by cessation of mowing on successional fallows, previous adaptations are expected to get lost. The fact that we did not find genetic differentiation among S. officinalis plants from sites with different mowing history may be explained by several non-mutually-exclusive factors. First, adaptations may persist for long periods of time after the source of selection is removed (Lahti et al. 2009 ), especially, when the benefits of a trait outweigh the costs. Second, selection requires a certain time to be effective, and the long generation time of perennial plants has been suggested to decelerate population differentiation (Linhart and Grant 1996; but see Detling and Painter 1983; Jaramillo and Detling 1988) . Although it is assumed that all meadows in our study area have a long history of intensive defoliation, the age of the fallows cannot be ascertained accurately. Certainly, these fallows, which have developed from former meadows, have been out of use for at least 10 years. Regarding the perennial life form of S. officinalis, this time span might have been too short to generate population differentiation. Third, in heterogeneous environments selection is predicted to favor phenotypic plasticity rather than adaptation to a particular environment (Scheiner 1993; Schlichting and Pigliucci 1995) . Such a mechanism was hypothesized by Tomás et al. (2000) , who did not find population differentiation in relation to grazing history in a perennial grass. The ability to adjust phenotype in response frequently changing management practices, e.g., mowing, grazing, or abandonment, may facilitate plant survival and (Table 2) . persistence in areas subject to anthropogenic activity. However, as we did not include further treatments in our experiment, we cannot assess the role of phenotypic plasticity. Finally, gene flow is considered to counteract selection and to prevent genetic differentiation (Lenormand 2002; Levin and Kerster 1974) . It seems likely that gene flow contributed to the low degree of differentiation observed in this study, as a related study revealed low differentiation among all study populations (F ST = 0.008), the absence of isolation by distance, and the maintenance of high genetic variation in small populations (Musche et al. 2008) . The commonness of the species in the study area, its outcrossing breeding system, and its generalist and highly mobile pollinators are likely to maintain gene flow at a sufficiently high level to counteract pronounced population differentiation.
Habitat fragmentation is considered to affect plant fitness adversely as the probability to lose genetic variation by drift and inbreeding is higher in small and isolated populations (Ellstrand and Elam 1993; Young et al. 1996) . However, the growth of S. officinalis was almost independent of population size, plant density, and gene diversity. One possible explanation may lie in the fact that genetic drift acts slowly on populations of long-lived perennials (Loveless and Hamrick 1984) . In such plant species, recent fragmentation processes are unlikely to have immediate effects on the level of genetic variation, and thus, genetic load, would be expressed slowly. Further, gene flow can compensate for the loss of genetic variation in small populations and thereby prevent inbreeding depression. Although our study populations vary in their level of intrapopulation genetic variation, this variation could not be attributed to actual population sizes (Musche et al. 2008) . This may be an indication for both low drift and high gene flow. Lastly, inbreeding depression as related to habitat fragmentation may not affect all plant traits and life cycle stages equally. It has been suggested that inbreeding depression in predominantly outcrossing plant species mainly acts on the reproductive stages (Oostermeijer et al. 1994; Husband and Schemske 1996) , whereas the early development may be more affected by parental effects (Roach and Wulff 1987; Schmid and Dolt 1994) . Table 2 .
Although maternal seed mass did not significantly explain variation in any performance measure, such parental carryover effects cannot be excluded.
Genetic erosion in the course of habitat fragmentation may also affect the ability to cope with stress. Consequently, environmental stress has the potential to shape the relationship between genetic variation and fitness (Pluess and Stöcklin 2004) . Therefore, we expected that plants from small and genetically less diverse populations may be particularly vulnerable to biomass removal, as for example demonstrated for Ipomopsis aggregata (Heschel and Paige 1995) , although these results have been doubted for statistical reasons (Ouborg and Groenendael 1996) . However, population size, density, and genetic diversity of S. officinalis populations did not influence the response of seedlings to defoliation. Thus, our results are in line with other studies on perennial plants that did not find effects of habitat fragmentation on the ability to respond to stress (Galeuchet et al. 2005; Paschke et al. 2005) and support the findings of a previous study that indicates a minor importance of fragmentation processes for the fitness of S. officinalis in the study area (Musche et al. 2008 ).
This study revealed that S. officinalis from mown meadows and successional fallows were not differentiated with respect to performance characters and response to defoliation. We conclude that offspring from successional fallows retain the ability to cope with defoliation, facilitating successful establishment under conditions of repeated mowing. The slight population differentiation, which was not due to habitat type and almost independent from measures of genetic variation, indicates either genetic drift or an evolutionary response to unknown selection pressures associated with environmental heterogeneity. We only investigated the performance and response of juvenile life stages, and thus missed any potential selection on later stages of the life cycle. Further studies are required to examine whether plant performance and response to defoliation might differ between juvenile plants and plants at the reproductive stage.
